The effects of different dietary nucleotide mixture (NT) levels (0, 0.2, 0.4 and 0.6 %) was investigated on the reproductive performance, fatty acid profile and biochemical parameters in
Introduction
The Pacific shrimp (Litopenaeus vannamei, Boone 1931 ) is known for its high survival rates, high tolerance to environmental changes and rapid growth in intensive culture systems, which makes it an important world-wide cultured crustacean species (Lem 2006) . Its propagation is currently based on domesticated populations kept under biosecure conditions (Ceballos-Vázquez et al. 2010; Thitamadee et al. 2016) . However, pond-reared brooders are generally unpredictable in their reproductive performance, which could be attributed to their dietary deficiencies and/or general rearing conditions (Palacios et al. 2000) .
Eyestalk ablation (ESA) in female Penaeid spp. broodstock is used in shrimp hatcheries to induce ovary maturation and improve the production of eggs and larvae. In fact, eyestalk ablated female shrimp cannot rely solely on a gradual accumulation of energy and essential nutrients during the rapid period of vitellogenesis; thus, these should be dietary supplemented. In addition, broodstocks in hatcheries are normally under stress conditions due to high stocking densities and handling stress, which may made them more susceptible to pathogenic outbreaks and high mortalities (Govahi et al. 2014) . Thus, brooders nutritional conditions influence the quality and performance of the off-spring; and consequently, the development of high performing artificial dry diets for shrimp broodstocks is a research priority (Andrino et al. 2012; Guo et al. 2016) .
Increasing the availability of NT in broodstock diets may have a beneficial effect on egg development (González-Vecino et al. 2004) . As Li & Gatlin (2006) demonstrated, NT as dietary component has a beneficial impact on gastrointestinal tract through improving physiological, morphological and microbiological influences that can increase assimilation and utilization of the other nutrients, which are essential for vitellogenesis and reproductive performance. Moreover, during times of extraordinary stress, such as reproduction, additional NT must be readily available for cell proliferation (Hoffmann 2008) . Recent research on the use of NT as dietary additives indicated that these compounds may improve growth, as well as enhance immune response and disease resistance, increase stress tolerance (Burrells et al. 2001a (Burrells et al. , 2001b Leonardi et al. 2003; Lin et al. 2009 ), improve intestinal morphology (i.e. development of intestinal lining, increased intestinal folding, enterocyte and microvilli height) (Borda et al. 2003; Cheng et al. 2011; Peng et al. 2013) , elevate antioxidant status and lipid metabolism (Mohebbi et al. 2013) , modify muscle proteome (Keyvanshokooh & Tahmasebi-Kohyani 2012) , as well as increase the spawning quality in different fish species (González-Vecino et al. 2004) . To date, no work has been published on the effects of NT supplementation of broodstock diets in shrimp; thus, the present study aims to examine the effects of dietary administration of a mixture of NT on the reproductive performance, the fatty acid profile of the ovary and hematological parameters in Pacific shrimp females before and after ESA.
Materials and Methods

Diet formulation and preparation
Four experimental diets formulated to contain approximately 550 g kg -1 crude protein, 120 g kg -1
crude lipid, 130 g kg -1 ash, 40 g kg -1 fiber, 100 g kg -1 moisture and 18.7 MJ kg -1 of digestible energy was formulated in order to meet the known nutritional requirements for L. vannamei broodstock (Goimier et al. 2006) . In this sense, diets were formulated using Lindo software 6.1 (USA) ( Table 1) . Experimental diets were supplemented with a mixture of NT disodium salts (UMP: disodium uridine-5΄-monophosphate; CMP: cytidine-5΄-monophosphate; IMP: disodium inosine-5΄-monophosphate; AMP: adenosine-5΄-monophosphate; GMP: disodium guanidine-5΄-monophosphate) (Chemoforma Agust, Switzerland) at the expense of cellulose (Merck, Germany) at a concentration of 0 (control diet), 0.2, 0.4 and 0.6%. Dry ingredients including NT mixture were mixed together for 30 min and sufficient distilled water were added to form a soft dough that was mechanically extruded by using an electric grinder to obtain pellets of 3 mm in size. Pellets were dried in a convection oven at 50 °C for 24 h. These diets were prepared only once, at the beginning of experiment then stored in re-sealable plastic bags at -20 °C until their use.
Experimental design
A third generation family of L. vannamei from an imported strain (SPF3, domesticated in Hawaii)
was transferred from ponds (surface: 0.1 Acre) in a private shrimp farm (Bandar Rig, Boshehr, Iran) to a private hatchery in Genaveh (Seydan Jonoub, Genaveh, Boshehr, Iran). Upon arrival, animals were treated against filamentous bacteria, fungal and protozoan infections with formalin (100 ppm for 30 sec) according to Alday-Sanz (2010) , and then acclimated to the experimental conditions for a week. A total of 120 females and males (30.4 ± 2.0 g) at a ratio of 1.5:1 were randomly allotted into 12 black circular tanks (250 l) at a density of 10 shrimp tank -1 . Tanks were connected to an open-flow system with filtered running seawater (100 % daily water exchange).
Average values for water temperature, salinity, dissolved oxygen and pH were 27.8 ± 1.2 °C, 31.8 ± 3.1 ‰, 5.8 ± 0.4 mg l −1 and 7.9 ± 0.2, respectively, and photoperiod was 10L:14D (light: darkness). Shrimp were co-fed with fresh food [squid (40%), polychaetes (20%) and chicken liver (40%); two times daily (0600 and 1800 h) accounting for a total daily supply of 20% of wet weight biomass] and experimental diets [two times daily (1200 and 2300 h) accounting for a total daily supply of 5% of wet weight biomass] 4 times per day.
Eyestalk ablation and shrimp sampling
Before each sampling, shrimp were placed in chilled (4 °C) and aerated seawater for 10 min in order to reduce their stress, metabolic activity and minimize any potential manipulation effect.
After 21 days of feeding shrimps with experimental diets, females (n = 18 per diet) were ablated unilaterally (left eyestalk only) by cutting the eye stalk under water at the base of the peduncle and applying burn to the wound to minimize fluid loss and help coagulation. Gonad development was assessed daily with a lamp by observing the size and color of the gonad through the exoskeleton (Alday-Sanz 2010). Female shrimps were sampled at the beginning of the trial (day 0), before ESA (day 21) and after ESA (day 30). The hepatopancreas (before and after ESA) and ovaries (only after ESA) were dissected and weighed (n = 3 samples per dietary treatment), then transferred into liquid nitrogen for further analysis. Moreover, haemolymph was obtained from the base of the pleopod at the first abdominal segment near the genital pore (n = 3 samples per replicate, n = 9 samples per diet) at days 0, 21 and 30, using a 1 mL syringe containing 0.4 mL pre-cooled anticoagulant (10 mM Tris-HCl, 250 mM sucrose, 100 mM sodium citrate, pH 7.6, 4 °C) and it was aliquoted into two parts. An aliquot of haemolymph was stored in ice (0-4 °C) and transferred to the laboratory for evaluating immunological factors, and the other aliquot centrifuged (6000 g, 10 min, 4 °C) and plasma separated. Then, vials containing plasma samples were transferred into liquid nitrogen and stored at −80 °C until their analysis.
Growth and reproductive performance assessments
Body weight (BW, g) and hepatopancreas weight (g) were measured to the nearest 0.1 g, whereas total body length (TL, mm) was measured to the nearest 1 mm. Standard formulae were used to assess growth performance parameters: SGR (% BW day 
Lipid and fatty acid ovary analyses
Total lipids in the ovaries (n = 1 sample per replicate, n= 3 samples per treatment) was extracted using chloroform: methanol (2:1, v/v) according to Folch et al. (1957) . Fatty acid (FA) methyl esters were prepared by acidic methanolysis of lipid extracts using BF3 in methanol. The FA methyl esters were recovered with n-hexane according to Metcalfe & Schmitz (1961) and analyzed using a gas chromatograph (model: CP3800 Varian, Walnut Creek, CA, USA) with a flame ionization detector, equipped with a capillary column (BPX70 SGM; 120 m × 0.25 mm i.d., film thickness 0.25 mm, Victoria, Australia). Injector and detector temperatures were 210 and 240 °C respectively. The column temperature was programmed from 160 to 180 °C at a rate of 2 °C min -1 , helium was used as the carrier gas, and the total run time was 85 min per sample. Fatty acid peaks were integrated using VARIANSTAR chromatography software (version6.41) and identification was carried out with reference to known standards (Sigma-Aldrich, Munich, Germany).
Haematological parameters
Total haemocyte count ( 
Statistical analysis
Data were analyzed using the SPSS ver. 19.0 (Chicago, Illinois, USA). All the data are presented as means ± standard error of the mean. Arcsine transformations were conducted on all percentage data to achieve homogeneity of variance before statistical analysis. A one-way ANOVA was performed to check differences among treatments for morphometric and reproductive parameters as well as fatty acid composition of ovaries (data from the end of the study), whereas the effects of NT level and ESA and their interactions on immunological and plasma biochemical parameters were analyzed using a two-way ANOVA (data from different sampling times related to ESA); if effects of NT level or ESA were significant, then these effects were evaluated separately by a oneway ANOVA. Duncan test was performed when significant differences were found among them.
The level of significant difference was set at P < 0.05 for all statistical tests. The Pearson product moment correlation test was used to determine any correlation between dietary NT levels and physiological parameters, and in all cases, P < 0.05 was considered as significant.
Results and discussion
Growth and reproductive performance
The results of the present study showed that the survival and growth performance of shrimp females were not improved by the inclusion of dietary NT (Table 2 ; P > 0.05). These results are in disagreement with previous studies that reported an improvement in growth performance of L.
vannamei juveniles fed NT-supplemented diets (Li & Gatlin 2006; Li et al. 2007; Oujifard et al. 2008; Murthy et al. 2009; Andrino et al. 2012) . Moreover, other studies also reported that inclusion the disagreement between available literature on shrimp juveniles and present results might be attributed to the higher body weight of brooders and also their priority for gonad development rather than somatic growth.
Regarding the reproductive performance parameters measured, in spite of the tendency in increasing in absolute fecundity and egg diameter values in female shrimps fed supplemented NT diets, these parameters were not statistically different (P > 0.05). Before the ESA, female shrimps fed the fresh food supplemented with the 0.4% NT diet had the highest HPI value, whereas females fed the control and 0.6% NT diets had the lowest HPI values (P < 0.05). Moreover, ESA led to a significant decrease in the HPI in all groups, as a consequence of the mobilization of lipids from the hepatopancreas to the ovaries, which may be attributed to the concomitant reduction in the levels of gonad inhibiting hormone produced by the sinus gland (Sainz-Hernández et al. 2008 ).
This result was also supported by the higher plasma HDL concentration in all groups after the ESA, which indicated an increased lipid mobilization from the hepatopancreas to the ovaries.
Furthermore, shrimps fed the 0.4% NT diet had a shorter latency period in comparison to the other dietary groups (P < 0.05). These results indicated that the exogenous NT supplementation contributed to the NT pools in the ovaries and improved the reproductive performance in shrimp females fed these diets. Since oogenesis is a process of intensive cell division with high nucleic acid formation and a concomitant high requirement for NT, supplementation of broodstock diets with NT was beneficial for their reproductive performance (Gonzalez-Vecino 2005) . In this context, Gonzalez-Vecino (2005) reported that both finfish species like halibut (Hippoglossus hippoglossus) and haddock (Melanogrammus aeglefinus) broodstocks fed diets enriched with NT had a higher fecundity and egg quality than the control fish.
Ovary FA profile
The results of the FA profile in the ovaries fed different experimental diets showed that female shrimps fed NT supplemented diets had higher total saturated fatty acids levels, mainly palmitic acid (16:0), than the control group (Table 3) . On the other hand, female shrimps fed NT supplemented diets had higher total n-3 polyunsaturated fatty acids (PUFAs), especially eicosapentaenoic acid (EPA, 20:5n-3), than the control group (P < 0.05). 
Plasma biochemical parameters
Plasma biochemical parameters were significantly affected by either dietary NT supplementation or ESA (Table 4) . Plasma TP and Glu are regarded as good indicators of the nutritional status of shrimp and also diet quality, because both are highly sensitive and reflect the regulation of other processes that exceed those involved only in diet catabolism (Pascual et al. 2003) . In this study, Glu levels were within the normal baseline range values reported for this species (Racotta & Palacios 1998; Palacios et al. 1999; Arcos et al. 2003; Pascual et al. 2003; Sainz-Hernández et al. 2008) suggesting an optimal physiological condition of shrimps fed different experimental diets.
In particular, female shrimps fed the control and 0.4% NT diets had the lowest and highest plasma Glu levels at day 30, respectively (P < 0.05). There was also a significant and positive correlation among dietary NT level and plasma Glu values (r = 0.756; P = 0.004). Plasma Glu significantly decreased after ESA (day 30) in all groups (P < 0.05). Similarly, Sainz-Hernández et al. (2008) reported that unilateral and bilateral ESA led to a significant decrease in plasma Glu in L. vannamei females. In addition, it should be mentioned that ESA increased energy expenditure in female shrimps that are in the process of reproduction (Racotta & Palacios 1998), which may lead to a reduction in plasma Glu. Thus, it seems that NT diet supplementation had a positive effect on the nutritional status of female shrimps.
As vitellogenin (Vtg) is a highly phosphorylated and calcium-rich protein, the determination of plasma TP and Ca 2+ can be used as indirect techniques to evaluate plasma Vtg levels (Verslycke et al. 2002) . In the present study, plasma TP increased with increasing dietary NT levels (P < 0.05). Moreover, plasma TP concentration significantly decreased in female shrimps fed the control and 0.2% NT supplemented diets after ESA, which may be as a consequence of the stressful condition resulting from ESA. Low levels of plasma TP can be explained by their utilization as energy supply in a situation of increased energy demands such as stress (Racotta & Palacios 1998) and/or reduction of the proteins participating in the immune response (i.e. penaeidins, crustins and agglutinins), which could have adverse consequences for immune capacity (Perazzolo et al. 2002) . In this context, Perazzolo et al. (2002) reported that plasma TP levels decreased by 50% in unilaterally ablated Farfantepenaeus paulensis females. In the present study, female shrimps fed the 0.4 and 0.6% NT supplemented diets had higher plasma TP levels (P > 0.05), whereas its concentration did not change after ESA, which indicated a higher resistance and immunocompetence of these groups in stressful conditions. On the other hand, female shrimps fed NT supplemented diets had higher plasma TP (r = 0.917; P = 0.001) and Ca
2+
concentrations than the control group, which may indirectly indicate a higher hemolymph Vtg concentration in these groups.
The results of the current study showed that plasma Chol and Trg concentrations significantly increased with increasing dietary NT levels (P < 0. 
Hemolymph immunological parameters
It is recognized that an exogenous source of NT not only optimizes the functions of rapidly dividing cells, such as those of the immune system that lack the capacity to synthesize NT, but also saves energy expenses for their synthesis (Li & Gatlin 2006 ). In the current study, THC (r = 0.775; P = 0.003) and GC (r = 0.797; P = 0.002) in shrimp fed NT supplemented diets were significantly higher than in the control group; however, HC (r = -0.797; P = 0.002) was lower in groups fed NT supplemented diets than in the control group (P < 0.05; Table 5 ). The high number of THC in shrimp in the treatments showed that NT is capable of enhancing both cellular and humoral immune responses. In this sense, several studies have reported that dietary NT supplementation led to an increase in cellular (mainly THC) and humoral immune responses (i.e.
superoxide onion, superoxide dismutase activity, phenoloxidase activity) and disease resistance in L. vannamei juveniles (Li et al. 2007; Oujifard et al. 2008; Murthy et al. 2009; Andrino et al. 2012; Guo et al. 2015) , black tiger shrimp (Penaeus monodon) (Huu et al. 2012) , freshwater prawn (Parmar et al. 2011; Shankar et al. 2012) and juvenile narrow clawed crayfish (Safari et al. 2014) .
Only HC was affected by the ESA, and its values significantly decreased after ESA in all groups (P = 0.001). These results might be linked to the incorporation of NT into the cells and their subsequent higher proliferation rate; however, the underlying mechanisms are still not completely understood and require further studies.
In conclusion, the results of the present study showed that the application of dietary NT Table 4 2 Plasma biochemical parameters of L. vannamei female fed diets supplemented with nucleotide mixture before and after of ESA (mean 3 ± SEM, n = 3). Different lower case letters correspond to statistical differences among experimental groups tested by one-way ANOVA. The significance of the two main effects (NT level and ESA) and interaction
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(NT level × ESA) were analyzed using two-way ANOVA.
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8 Table 5 10 Total hemocyte count and differential hemocyte count of L. vannamei female fed diets supplemented with nucleotide mixture before 11 and after ESA (mean ± SEM, n = 3).
